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Study on thermal endurance of plasticizer in 
locally manufactured electrical cable insulation 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Abstract— Electrical cables are collections of one or more 
electrical conductors, which are separately insulated and 
covered together using a sheathing material. Since air does not 
perform well as a good insulation material, an insulation 
material is also introduced to resist the passing of electrical 
current in the radial direction. This will prevent electrical 
leakage and protect the stability of wire material by concealing 
it from environmental attacks such as heat and humidity. This 
paper analyzes the kinetics of the thermal endurance of 
plasticizers present in locally available electrical cable 
insulations. For this purpose, a model was developed to map 
higher temperature accelerated plasticizer evaporation kinetics 
to lower temperature practically experiencing values. Plasticizer 
evaporation data were collected in the range of 80 - 160 ̊ C. Since 
the plasticizer evaporation reaction occurs over the considered 
temperature range, notable physical transitions (e.g., 
crystallization or glass transition) were not observed within the 
mentioned temperature range. Therefore, The Arrhenius-
principle-based approach was employed to map accelerated 
condition measurements to ambient condition evaporation. An 
Experimentally determined evaporation behavior was used to 
define the evaporation kinetics of plasticizers. It was observed 
that the rate constant of plasticizer evaporation increases with 
the increasing temperature.  

 

Keywords— Electrical cables; plasticizer evaporation; PVC 
cables; thermal endurance; thermal ageing 

I. INTRODUCTION 
Electrical cables are largely used for electric power 

transmission and distribution functions. These cables are 
either permanently positioned within building as wiring or 
placed underground or laid overhead from bare to ambient 
conditions [1],[2]. Electrical cables are collections of one or 
more electrical conductors, which are separately insulated and 
covered together using a sheathing material. Since air does 
not perform well as a good insulation material, insulation 
material is introduced to resist the passing of electrical current 
on radial direction [3]. This will prevent the electrical leakage 

and protect the stability of wire material by concealing it from 
environmental attacks such as heat and humidity [4]-[6]. The 
stability and effectiveness of the metallic conductor on 
electrical cables greatly depends on its insulation. Mostly 
these power transmission cables contain a metal conductor, 
which is enclosed by multiple layers of insulation [7]-[9].  

Construction of a locally manufactured electrical cable is 
presented in Fig. 1. 

 
 
 

 

 

 

Fig. 1. Construction of a locally manufactured electrical cable 

The performance of electrical cables depends on their 
insulation system. The insulation separates the current-
carrying conductive material from other conductive materials 
and protects the conductor from environmental effects that 
would lower the conductors’ performance if exposed to them. 
It protects the enclosed conductors from temperature 
extremes, abrasion, current/signal loss, and moisture 
[10],[11]. While ensuring the long and trouble-free life of 
cables, it is always desired to minimize the volume of 
electrical insulation. Insulation is considered as an essential 
part of electrical cable since it encapsulates the current 
carrying conducting wire. Factors considered when selecting 
a dielectric material for insulation are stability and durability, 
electrical insulation property or dielectric strength, ability to 
withstand high temperature, resistance to moisture, 
acceptable mechanical strength and flexibility [12]-[15]. 

Nowadays, polymers are the most widely used material for 
electrical insulation. Polyvinyl chloride (PVC) has become 
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the choice in the electrical cable industry due to its insulation 
performance and ease of processing. Poly (vinyl chloride) is 
a synthetic thermoplastic material synthesized from the 
polymerization of vinyl chloride [16]. PVC is an odorless 
white brittle solid used in a wide array of consumer products 
depending on its flexibility. Due to the properties such as 
durability, toughness, oil and chemical resistance, chemical 
stability, mechanical stability, high transparency, fire 
retarding properties and processability and mouldability, it is 
one of the most widely used materials in various industries 
[17]. Properties such as fire retardation and excellent 
electrical insulation, makes it suitable for wire and cable 
applications in electrical insulation. Generally, PVC is a rigid 
and brittle material [18]. Therefore, to utilize them in the 
sheath and insulation of the electrical cables, they are 
converted to a flexible material using plasticizers.  

During operation, cables are subjected to various stresses, 
such as thermal, electrical, mechanical, chemical, etc. Over 
time, polymeric insulation of cables degrades due to these 
external stresses [19]. Hence, the degradation of the 
plasticizer of the cable sheath and insulation over time makes 
cable material brittle and creates micro-cracks in the 
insulation material. Through these micro-cracks, moisture can 
penetrate, which may lead to short-circuiting or dielectric 
breakdown. Since the root cause for the majority of the cable 
breakdown is insulation degradation, if the rate of degradation 
can be forecasted, then properly scheduled maintenance 
programs can prevent catastrophic cable failures [20],[21]. 
Though the complete elimination of insulation degradation is 
impossible, it can be controlled to a lower level to maintain 
the quality of the electrical cable for an extended period. 

 
Accelerated aging is one method to determine the actual 

aging condition. Arrhenius equation is usually used as a 
physical model for predicting the lifespan using accelerated 
thermal aging [22]. When the evaporation process obeys 
Arrhenius behavior, the reaction rate on a log scale against 1/T 
also exhibits a linear behavior. The slope of the graph 
indicates the activation energy Ea. Activation energy 
determines the rate of degradation [23]. Carrying out an 
accelerated aging over a wide range of temperatures 
occasionally exhibit a ‘‘break point’’ in the plot which 
attributes to a conversion in the kinetic regime. The activation 
energy may not be the same over the entire temperature range. 
In numerous examples, difference in slope has exhibited 
lower activation energy at lower temperatures. In such 
scenarios, extrapolating the data obtained at higher 
temperature would imply a considerable deviation on the 
degradation at lower temperatures [24]. 

 

Depending on the activation energy values, reaction 
mechanism can be obtained or at certain instances data can be 
extrapolated to different conditions [25]. In a sequence of 
reactions, reaction which is slower than others determine the 
rate.  

 

In this research, our aim is to develop a model to map 
higher temperature (accelerated temperature conditions) 
plasticizer removal kinetics to lower temperature values 
which is based on the rate of plasticizer evaporated from these 
single strand PVC cables. Plasticizer evaporation data will be 

used at 80 ˚C, 100 ˚C, 120 ˚C and 140 ˚C as the plasticizer 
evaporation reaction occurs regularly over the considered 
temperature range, notable physical transitions (e.g. 
crystallization or glass transition) will not be expected within 
the mentioned temperature range. Determination of 
plasticizer evaporation at temperature lower than 800C 
expected to be strenuous as rate of evaporation is very slow 
and use of temperature higher than 1400C can also be difficult 
as it can lead to soften the material. The Arrhenius law will 
be used to determine rate constant for considered each 
temperature. The activation energy for the evaporation 
process ought to be calculated using regression analysis. 
Experimentally determined evaporation behavior will be used 
to define the evaporation kinetics of plasticizers when 
plasticizer depletions to 25%, 50%, 75%, 90% of its initial 
value. 

II. EXPERIMENTAL PROCEDURE 

A. Materials 
PVC cables used for domestic electrical wiring and 

lighting purposes available in the local market were used in 
this study. Samples were assumed to be not exposed to heat or 
adverse environmental effects prior to this study. 

B. Thermogravimetric Analysis 
Evaporation of plasticizers from plasticized PVC 

insulation was analyzed using thermogravimetry under 
isothermal condition at 80 ˚C, 100 ˚C, 120 ˚C, 140 ˚C for 120 
min under airflow. Experiments were performed on TGA SDT 
Q600, simultaneous thermal analyzer procured from TA 
instruments, Delaware, USA. 

III. RESULTS AND DISCUSSION 
When electrical cable insulation exposed to elevated 

temperatures, they deteriorate due to the presence of organic 
materials [26]. Deterioration results in changes in the physical 
properties of materials which makes them unable to meet their 
functions after a certain time. Since the rate of deterioration 
increases rapidly with increasing temperature, it accelerates 
the chemical reactions that occur in the insulation materials. 
As a result of this, the aging rate can be assumed proportional 
to the rate of chemical reactions [27]. 

Solid-state reactions are generally complex and consist of 
several overlapping processes. 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑔𝑔(𝛼𝛼,𝑇𝑇)                  (1) 
 

Where t is the time, T temperature and α is the extent of 
reaction  

These kinds of equations are generally solved by the 
method of variable separations. The rate equation for the 
processes was converted to a separable equation of T and α as 
follows, 

−𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑘𝑘(𝑇𝑇)𝑓𝑓(𝛼𝛼)        (2) 
Thus, the left-hand side term in Eq. 1 is the reaction rate. 

The right-hand side term consists of two terms, i.e. k(T) and 
f(α), being k(T) a function that describes the dependence of 
the reaction rate with the temperature (T). 

There are many different forms of f(α) functions relating 
the rate of solid-state reactions to the degree of conversion, α. 



Since the evaporation of plasticizer obeys the first-order 
kinetics,[15] the rate low can be written as 

𝑓𝑓(𝛼𝛼 ) = 1 − 𝛼𝛼          (3) 
This means rate of the reaction is directly proportional to 

the concentration i.e., 

  −𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑘𝑘(𝑇𝑇)𝐶𝐶                                             (4) 

In which C is the concentration of the reactant at any time t. 

Thus, 

   −𝑑𝑑𝑑𝑑
𝐶𝐶

= 𝑘𝑘(𝑇𝑇)𝑑𝑑𝑑𝑑         (5) 

On integration, 

 −∫𝑑𝑑𝑑𝑑
𝐶𝐶

= 𝑘𝑘(𝑇𝑇)∫𝑑𝑑𝑑𝑑                                               (6) 

−𝑙𝑙𝑙𝑙𝐶𝐶 = 𝑘𝑘(𝑇𝑇)𝑑𝑑 + 𝑍𝑍 (Integration Constant) 
 

If at the start of the reaction the initial concentration of the 
reactant is C0 then we have at t = 0 , C = Co 

Substituting  −𝑙𝑙𝑙𝑙𝐶𝐶0 = 𝑍𝑍 

              −𝑙𝑙𝑙𝑙𝐶𝐶 = 𝑘𝑘(𝑇𝑇)𝑑𝑑 − 𝑙𝑙𝑙𝑙𝐶𝐶0                                          (7) 

                  𝑙𝑙𝑙𝑙𝐶𝐶0
𝑙𝑙𝑙𝑙𝐶𝐶

= 𝑘𝑘(𝑇𝑇)𝑑𝑑 

        𝐶𝐶 = 𝐶𝐶0𝑒𝑒−𝑘𝑘(𝑇𝑇)𝑑𝑑                                                 (8) 

This can be used to calculated evaporated plasticizer weight, 

      𝑀𝑀0−𝑀𝑀(𝑑𝑑)
𝑉𝑉

= 𝑀𝑀0
𝑉𝑉
𝑒𝑒−𝑘𝑘(𝑇𝑇)𝑑𝑑                                                (9) 

The thermal deterioration due to plasticizer removal 
accelerates with the temperature; the aging can also be 
temperature dependent.  Assuming k(T) follows Arrhenius 
law, it can be represented by the following form. 

             𝑘𝑘(𝑇𝑇) =  𝐴𝐴𝑒𝑒𝐴𝐴𝐴𝐴 �𝐸𝐸𝑎𝑎
𝑅𝑅𝑇𝑇
�                                      (10) 

Where, A is the preexponential factor of Arrhenius, Ea the 
activation energy and R the gas constant. 

Plasticizer evaporation data collected at 80˚C, 100˚C, 
120˚C and 140˚C were analyzed (see Fig. 2-5) and rate 
constant for each temperature were determined using the 
above-derived Eq.9 and 10. 

  
Fig. 2. Graphical representation of the rate constant of evaporation at 80˚C 
(R2= 0.9991)Graphical representation of the rate constant of evaporation at 
100˚C (R2= 0.9991)  

 
Fig. 3. Graphical representation of the rate constant of evaporation at 
100˚C (R2= 0.9991) 
 

 
Fig. 4. Graphical representation of the rate constant of evaporation at 
120˚C (R2= 0.9995) 

 
Fig. 5. Graphical representation of the rate constant of evaporation at 
140˚C (R2= 0.9994) 

TABLE I.  RATE CONSTANT AT DIFFERENT TESTING TEMPERATURES 

Temperature 
(˚C) 

Rate Constant 
(min-1) 

80 1.76 × 10-6 

100 1.20 × 10-5 

120 4.76 × 10-5 

140 2.43 × 10-4 

Rate constant at different testing temperatures (80, 100, 
120 and 140 ˚C) is presented in Table I. It was observed that 
the rate constant was increased with increasing temperature. 
This implies that the evaporation kinetics obeys the Arrhenius 
principle up to the temperature 140 ˚C. Furthermore, physical 
transitions such as crystallization or glass transition does not 



occur within the considered temperature range. Hence, 
Arrhenius law (Eq. 10) can be used. The higher linearity 
obtained for data also indicates that activation temperature 
dependence of activation energy is insignificant. 

Subject to the data obtained from Table I, a scatter plot 
was developed and presented in Fig. 6. Linear regression 
analysis was performed on this set of data by linearizing Eq. 
10 and pre-exponential factor and activation energy was 
calculated from the regression analysis.  

 
Fig. 6. Arrhenius plot for plasticizer evaporation of PVC cables (R2= 
0.9977) 

The activation energy of the process is 98 kJmol-1 and the 
pre-exponential factor is 38638.3 min-1. The values obtained 
are in accordance with the previous studies for plasticizer 
evaporation kinetics [28]-[30].   

Considering the evaporation process, which obeys 
Arrhenius law, the activation energy calculated can be used 
to model the plasticizer removal kinetics even at lower 
temperatures (see Fig. 7). The rate constants at 40 ˚C, 50 ˚C, 
60 ˚C, 70 ˚C, 90 ˚C, 110 ˚C, 130 ˚C were determined using 
Arrhenius law and the amount of plasticizer evaporated at 
these temperatures were modeled based on the above-derived 
equation. 

 
Fig. 7. Mapping of plasticizer evaporation of PVC cables 

This plasticizer evaporation process at various 
temperatures was utilized to calculate the required to 
evaporate 25%, 50%, 75%, and 90% plasticizer present in 
locally manufactured PVC cable insulations.  

IV. CONCLUSIONS 
Investigating the plasticizer evaporation of cable 

insulations is essential to predict the life span of electrical 
cables. Temperature and exposure time are two factors that 
affect the thermal history of cables. The results show clear 
evidence that the thermal behavior of plasticizer present in 
locally available electrical cable insulation exhibited increase 
in rate constant with increased temperature, thus obeyed the 
Arrhenius Law. From the Arrhenius behavior, the activation 
energy for plasticizer evaporation of PVC cable insulation was 
calculated as 98 kJmol-1. Since cables are subjected to time 
varying temperature profiles, a method was developed to 
ascertain the equivalent temperature using kinetics of 
plasticizer evaporation. 
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